Good measurements are integral to good public policy for environmental protection. The generalized term for "measurements" includes network design, sampling and quantitation, data integrity, documentation, sponsorship and operations, and archiving and accessing for applications. These components have evolved and advanced as knowledge of atmospheric chemistry and physics has matured and pollutant levels have been related to adverse effects on human and ecological health. The Air & Waste Management Association (A&WMA), through its technical meetings and publications, has made large contributions to this evolution (Christy, 1960; Englund, 1979; Watson and Blumenthal, 1998) . The 2017 Critical Review (Hidy et al., 2017) delineates more than 100 years of progress on this topic, draws conclusions about the effectiveness of measurement systems on policies, and looks to the future. The full-length review appears in the June 2017 issue of the Journal of the Air & Waste Management Association (JA&WMA) . 1 A brief summary appears below. (Editor's Note:
All references herein can be found in the list of references included at the end of this summary.)
Air quality was first detected by the presence of smoke, odors in contaminated air, and immediate respiratory effects, such as coughing and wheezing. These sensory experiences were usually associated with solid, liquid, and gaseous fuel combustion products (Brimblecombe, 1976 (Brimblecombe, ,1978 Brimblecombe and Bowler, 1992; Davidson, 1979) . The visual observation Figure 1 . Excerpt from Haagen-Smit and Fox (1954 , http://www.tandfonline.com/doi/abs/10.1080 /00966665.1954 that related the depth of cracks in a rubber strip to ozone formation in a flask illuminated with ultraviolet irradiation. It was known that an oxidizing atmosphere would degrade rubber, but quantification of these oxidants, the main one being ozone, was uncertain. In this first "smog chamber" experiment, Haagen-Smit demonstrated that increasing nitrogen oxides beyond a certain concentration reduced the depth of the rubber cracks, indicating oxidant reduction. Similar tests were done with different amounts of hydrocarbons (HC, of which 3-Methylheptane is an example) for fixed nitrogen oxides values, demonstrating the now well-accepted notion that both nitrogen oxides and HC emissions must be addressed to reduce ozone levels.
and regulation of smoke-stack plumes was introduced more than a century ago to regulate ducted emissions (Griebling, 1952) , and variations of the method are used to this day (Du et al., 2007; Halow and Zeek, 1973; McFarland et al., 2006) .
Chemical and physical reactions of pollutants with solutions and materials were found to be more sensitive and quantitative than the human senses for many pollutants. For example, Figure 1 illustrates how the depth of cracking in rubber strips from increased ozone production formation led to the understanding that ozone is limited by both hydrocarbon and nitrogen oxide emissions. Dustfall buckets were used to collect large particles that would deposit close to a source for subsequent weighing (Chapman et al., 1955) , and candles coated with lead peroxide were distributed to react with sulfur dioxide that would be quantified as PbSO4 by laboratory analyses (Keagy et al., 1961) . Solutions were developed that would change color when pollutant-laden air was bubbled through them (Bromberg et al., 1974; Cherniack and Bryan, 1965) , thereby allowing light absorption to be measured at selected wavelengths that could be related to both pollutant chemistry and its concentration. Elaborate, automated gas collection devices were developed and deployed to create an initial data base of pollutant concentrations (Wilson, 1954) . Katz (1980) summarized many of these approaches that were codified by the Intersociety Committee (Lodge, 1989) led by A&WMA members.
Suspended particulate matter (PM) presented a greater challenge than gases owing to its large range of particle sizes, chemical compositions, and concentrations. Investigators recognized that particle fallout buckets were not capturing particles effectively, so filter-based sampling was introduced (Blasewitz and Judson, 1955) . This first involved adapting a canister vacuum cleaner (see Figure 2 ) to collect PM resulting from atomic testing. Since then, filter-based and in situ PM instrumentation have evolved to better elucidate aerosol properties (Biswas and Wu, 2005; Chow, 1995; Chow et al., 2008; Forrest and Newmann, 1973; Lamb et al., 1980; Watson et al., 1995; Watson, 2002; Wexler and Johnston, 2008) .
Acquisition of accurate and precise air quality measurements supported the designation of National Ambient Air Quality Standards (NAAQS) in the U.S. Clean Air Act and its amendments (Bachmann, 2007; Chow et al., 2007) . These pollutants include, sulfur dioxide, nitrogen oxides as nitrogen dioxide, carbon monoxide, ozone, PM, and airborne lead. Criteria pollutants are measured at hundreds of locations to: 1) determine NAAQS compliance and develop control measures where needed; 2) develop and apply air quality models to formulate and justify controls; and 3) track long-term trends to demonstrate the effectiveness of the control measures. These measurements are prescriptive in nature with requirements for reference standards and procedures. Specialized, noncriteria pollutants may also be measured to elucidate atmospheric chemical processes relevant to emission changes.
Early measurements were obtained from open laboratory windows to roof tops. Current practice uses environmentallycontrolled enclosures with access to rooftops. Stations are located in open areas free of surrounding obstacles where electric power is available. Gas sampling is conducted at designated heights of a few meters above ground. PM sampling takes place either combined with gas sampling, or on the roof of the station. Stations often include meteorological data. Contemporaneous gas measurements are hourly and sequential with calibrations and audits done by trained technicians. Particle monitoring has relied on sampling using filters and laboratory-based gravimetric mass concentration determination, with recent additions of filter tape samplers for continuous hourly averages. Ambient observations are complemented with measurements that determine dry and wet deposition to address welfare or "secondary" ambient standards for criteria pollutants specified in the Clean Air Act.
Ground-based monitoring has been supplemented with experiments using aircraft and towers to quantify vertical pollutant distributions. These have produced episodic data that have improved the capabilities of models to address links between surface conditions and the troposphere as a whole.
Figure 2. The original high-volume particulate matter sample similar to that of Harris and Levine (1953, http ://www. tandfonline.com/doi/abs/10.1080/00966665.1953.10467584) was created to quantify radioactivity associated with atmospheric nuclear testing and was later adapted to sample total suspended particulates. The pleated filter was inserted after the nozzle (shown detached) and before the Electrolux canister vacuum cleaner blower.
Space-based remote sensing (Hidy et al., 2009; Hoff and Christopher, 2009; Randerson, 1968) has added to the portfolio of long-term large spatial scale observations for nitrogen dioxide, carbon monoxide, and ozone. Remote sensors provide optical depth values related to the atmospheric PM column.
PM size fractions and determination of chemical species such as sulfate, nitrate, and black and organic carbon have added to knowledge of aerometric processes. Recognition of the multi-spatial and temporal scales of atmospheric processes, and the consequent variability in human and ecosystem exposure has influenced the requirements for network design or operations. Prioritization for measurements favors areas of intense pollution (e.g., urban-population centers) so that uniformity in U.S. geographical coverage is lacking. Attempts to provide more uniform coverage have relied on special programs or shorter-term studies designed with less concern for environmental risk characterization.
After creation of measurement networks and a portfolio of instrumentation and operating procedures, the final step in the measurement system involves data management and dissemination. The contemporary framework provides for verification of the data quality and establishes a system for public access and use of the data not only for regulatory purposes but for applications to risk characterization and atmospheric process studies. Criteria for effective data management Join the Discussion Comments also will be solicited from the floor and from written submissions to the Critical Review Committee Chair. The Chair will then synthesize these points into a Discussion Paper that will be published in the October 2017 issue of JA&WMA. Comments should be submitted in writing to Dr. Michael T. Kleinman, Critical Review Committee Chair, at mtkleinm@uci.edu by no later than July 31, 2017. The full-length review will be published in the June 2017 issue of JA&WMA.
Get Involved
Get involved with the Critical Review Committee and help further our scientific understand by attending the Annual Meeting of the Critical Review Committee on Tuesday, June 6, 2017, at 3:00-4:00 p.m. Room: 329.
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Michael Kleinman, Chair Patricia Brush Samuel Altshuler, Vice Chair Prakash Doraiswamy George Hidy, Past Chair (2009 -2012 Stanley Hayes Judith Chow, Past Chair (2001 -2008 Naresh Kumar John Watson, Past Chair (1994 -2000 Mark McMillan Christina Akly Eric Stevenson John Bachmann and access are specified by the National Research Council (NRC, 2007) . The advent of electronic data processing and the personal computer has advanced data management and dissemination. Accessibility to validated air quality data (CIRA, 2017; U.S.EPA, 2017) has permitted an explosion in measurement-related analysis and interpretation across the world. Unfortunately, large bodies of historic data have been lost from multi-million dollar experiments since the 1970s as a result of inadequate institutional planning and commitments to save such data in accessible and readable forms.
The future of air quality measurements depends on resources available to these programs and the ability of researchers to convince sponsors that new, comprehensive observations are essential for the sciences and regulation as pollutants approach a background level in the air. Measurement sciences are advancing with new solid state sensors for gases, and more elaborate and reliable sensors for particle characterization (Dye et al., 2014; Hagler et al., 2014; Kaufman et al., 2014b, a; Kilaru, 2014; Long et al., 2014; Preuss and French, 2014; White et al., 2012; Williams, 2014; Williams et al., 2014) . These advances will be adapted to exposure monitoring, at least for high risk populations, to complement fixed site observations. These improvements combined with improved communication methods will enable broader access and use of data for experts as well as the lay community. 
